Abstract-Human motor and cognitive behavior has been considered as an important research content and received increased attention from academia. As a suitable platform, the inverted pendulum under manual control has been studied extensively, since the inverted pendulum is essentially a nonlinear system and strong coupling exists between the human operator and pendulum system. However, performance of the system when feedback force is provided has not been reported. This paper presents a virtual pendulum system which is built based on OpenGL, while control inputs are provided with a joystick. Dynamical model has been obtained though mathematical manipulation. In order to obtain more realistic effect, dynamical model is solved with Runge-kutta method. The joystick interface enables operators to control the pendulum manually, providing a fun experience. Comparative experiments have been carried out and the preliminary results confirm the performance difference when force/haptic information is provided to the operator. This study establishes the foundation for further research on cognitive behavior of human operators in human-machine interaction systems and neural control systems.
I. INTRODUCTION
T has been noticed that, update frequency of video streams should be higher than 30-60 times per second in order to give human operator the impression of continuous motion on the screen. While operators will perceive force discontinuities when update rate for forces rendered by haptic device is below 1000 Hz [1] . From this we can see that human are more sensitive to force/haptic information than to visual information. As an important interactive method, force/haptic interaction has been studied extensively in human-machine system. Haptics/force has been used to enhance perception and provide assistance to operators [2] . In [3] , A. K. Ko proposed a haptic interface which was used to increase the performance of remote work. By transmitting distance Manuscript received March 1, 2013 . This work was supported in part by the National Natural Science Foundation of China (NSFC) under Grantbetween vehicle and obstacles into force information rendered on the joystick, the operator can perceive the direction and distance of obstacles. As such, human operator can interact with remote environment easily and precisely. In order to reduce the workload of human operator in tele-robotic systems, J. N. Hua et al. [4] put forward an information transformation based method in which visual information obtained from a monocular camera was converted to haptic/force information. Haptic information which reflected the relative posture between end-effect and the object to be grasped conveyed a realistic sense of state of operations and allowed high operability. Force feedback technology can also be used to train infants with special needs to enhance motor learning of steering task. S. K. Agrawal et al. [5] [6] [7] [8] presented a haptic guidance and training method to improve toddler learning of steering task and demonstrated the efficiency of the system by a series study.
As a typical human-machine system, the inverted pendulum under manual control has been also adopted as a research platform to study cognitive and motor behavior of human operators. In [9] , W. Ding et al. developed an experimental system which consisted of a joystick controller and a virtual inverted pendulum, and studied frequency character and velocity character of operator's behaviors affected with random time delay. M. Lupu et al. [10] investigated human manual control characteristics in balancing an inverted pendulum under time delay constraints. Operators balanced the inverted pendulum using a Logitech joystick which was connected to the computer whose screen provided visual feedback. To investigate whether intermittent rather than continuous control is generic to human motor control, I. D. Loram et al. [11] found that human intermittent control of inverted pendulum is entirely natual, highly effective and robust. In order to investigate manual control of an unstable system with actuator saturation, M. Iwase et al. [12] investigated safe manual control of the Furuta pendulum based on the nonlinear models.
From works mentioned above, it is obvious that only visual feedback is adopted in balancing inverted pendulum under manual control mode. The ultimate purpose of this study is to explore human motor and cognitive behavior in man-machine system. This paper will present the inverted pendulum balancing task under force feedback circumstance. Structure of this paper is as follows. In section II, the dynamical model of the pendulum and numerical calculation method will be described. Implementation of force feedback in the inverted system is described in section III. Section IV gives experimental results. Conclusions and future works are summarized in section V. 
Force

A. Dynamical Model of Inverted Pendulum
The system consists of cart and a pendulum bar. The cart can move backwards and forwards in horizontal direction, and the pendulum bar can rotate in the vertical plane and forward or backward in the same plane as the cart. The model of the system is shown in Fig. 1 . To analyze the system, we have the following assumptions. The pendulum bar and cart can be considered as a rigid body. The friction torque acting on the pendulum bar is proportional to its angular velocity. 
where b is the damping coefficient of the cart. Summing forces of the pendulum in horizontal direction, we obtain ( )
Equation (3) can be obtained by simplifying equation (2) 2 cos sin x F mx ml ml
Then (4) 
Summing moments around the centroid of the pendulum bar, we obtain sin cos
where µ is the damping coefficient of pendulum bar. Get rid of the x F and y F in equations (3), (5), (6) and the equation (7) is derived.
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In the end, we get the dynamical model of the pendulum as in (8) ( 
In (8), 2 / 3 J ml = is the moment of inertia of the pendulum bar around its center of gravity, g is the acceleration of gravity.
For numerical calculation of the inverted pendulum system, it is required to transform (8) into a standard form
In order to transform (8) 
From (8) and (10), we obtain (11) and (12) ( ) 
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B. Runge-Kutta Method From (13), the inverted pendulum is a typical nonlinear system. In order to get a real-time realistic simulation effect, the forth order Runge-kutta method is adopted to solve the nonlinear differential equations.
If there are m variables 
equation (14) 
Equation (13) 
III. IMPLEMENTATION OF FORCE FEEDBACK ON THE SYSTEM
In pendulum balancing tasks, the operator should give proper commands in real time so that the inverted pendulum can stay in the vicinity of the upright position. In the case that only visual feedback exists. Operators should make strict observations about the video stream since human operators are more sensitive to haptic/force information than to visual information, it is easy to think of the introduction of haptic/force information to pendulum balancing tasks which can be used to signal to the operator how far the pendulum bar deviates from vertical position and how fast the pendulum bar rotates around its rotation axis.
A. Force Feedback Algorithm
The goal of the force feedback algorithm is to calculate the magnitude and the direction of the feedback force. During the process of the balancing task, it is needed that the force rendered on the joystick can provide hint on how to move the lever of the joystick. As a result, calculation of virtual force is related to angle and angular velocity of the pendulum bar. As illustrated in Fig. 2 , the relation between the pendulum bar and the upright position is modeled by spring and damper. Based on the virtual impedance model [13] , the virtual feedback force is calculated and transmitted to the joystick to reflect environmental situations. The feedback force can be calculated as
where p K is a spring coefficient and d K is a damper coefficient of the virtual impedance model. 
B. Hardware and Software Implementation
The Microsoft Sidewinder Force Feedback joystick is adopted as the input device, as illustrated in Fig. 3 . It has an onboard 16-bit processor running at 25MHz. This processor handles all the force effects. Communication with host-PC is done by the USB interface, at a speed of 31kbaud. Force effects are downloaded into the joystick onboard memory and started by a separate command. Because the Force Feedback control loop is closed in the joystick, the slow control channel from the PC does not lower the fidelity of Force Feedback. The joystick interface is through DirectX, which can read joystick position and apply force on the hand's driver. 
IV. EXPERIMENTAL RESULTS
A virtual inverted pendulum is established with OpenGL on Windows XP operating system. The 3D model of the pendulum is firstly constructed in 3DS Max and then imported into OpenGL. In this way, the simulation model is established with Visual C++ and OpenGL. The experimental system is illustrated in Fig. 4 . Table I .
Experiments are carried out under different conditions. Fig. 5 (a) -(f) show experiment results when visual feedback information and feedback force exist simultaneously. Fig. 6 (a) -(e) give the experiment results when only visual information exists. During the experiments, we found that the pendulum system is more easily controlled when feedback force is displayed on the joystick, compared with the case when only visual feedback information is provided to the operator. From Fig. 5 (b) and Fig. 6 (b) , it is obvious that the angle of the pendulum changes in a smaller range in the case when feedback force is provided to the operator compared with the case when only visual information is displayed. 
V. CONCLUSIONS
To reveal the motor and cognitive characteristics, this paper presents a virtual pendulum system which is built based on OpenGL while commands are provided with a joystick. The dynamical model has been obtained though mathematical manipulation. In order to obtain more realistic effect, dynamical model of the inverted pendulum has been solved with Runge-kutta method. In order to provide more interactive mode between human and the system, feedback force has been introduced into the system. This work paves the way for further study on motor and cognitive behavior of human operators.
